ABSTRACT Unmanned aerial vehicles (UAVs) are fast gaining popularity in a wide variety of areas and are already being used for a range of tasks. Despite their many desirable features, a number of drawbacks hinder the potential of UAV applications. As typical UAVs are powered by on-board batteries, limited battery lifetime is identified as a key limitation in UAV applications. Thus, in order to preserve the available energy, planning UAV missions in an energy efficient manner is of utmost importance. For energy efficient UAV mission planning, it is necessary to predict the energy consumption of specific UAV manoeuvring actions. Accurate energy prediction requires a reliable and realistic energy consumption model. In this paper, we present a consistent and complete energy consumption model for UAVs based on empirical studies of battery usage for various UAV activities. We considered the impact of different flight scenarios and conditions on UAV energy consumption when developing the proposed model. The energy consumption model presented in this paper can be readily used for energy efficient UAV mission planning.
I. INTRODUCTION
Unmanned Aerial Vehicles (UAV) are fast gaining popularity. Their many desirable features like the ability to hover, the ability to fly over dangerous and inaccessible areas and ease of deployment enable UAVs to be widely used in many commercial applications [1] .
Despite the increasing popularity and their many advantages, UAVs have inherent limitations that hinder the full potential of UAV applications. Limited battery lifetime is identified as a key drawback in UAVs [2] . As typical UAVs are electric devices powered by on-board batteries with a limited lifetime, most UAV applications are unable to reach their full potential.
To reduce the impact of limited flight time of UAVs caused by limited battery lifetime, it is important to minimize the energy consumption in UAV missions. Thus, to plan energy efficient UAV missions and to identify and reduce high energy consuming manoeuvring actions, following a reliable and complete energy consumption model for UAVs is mandatory. An accurate model of battery performance in different scenarios would allow further flight mission planning and recharging optimization for UAVs [2] . The work presented in [3] , further emphasises the importance of battery life prediction, based on energy consumption of UAV missions, for autonomous battery maintenance systems for UAVs.
In this paper, we present an energy consumption model for UAVs that profiles energy needs for commonly used UAV manoeuvring actions. The model is based on empirical studies of battery performance which will be described in detail later in this paper.
There are two common approaches for modelling and predicting power consumption of ground electric vehicles: white-box approach and black-box approach. In the whitebox approach understanding of energy consumption of electric vehicles is based on specific vehicle dynamics [4] . In the black-box approach a general statistical approach using regression model, without vehicle dynamics model, is used to model the power consumption of vehicles [5] . The blackbox approach is easy, convenient and provides all necessary information for energy and power consumption predictions for UAV missions. Hence, we employ the black-box approach to model the energy consumption of UAVs, considering different flight scenarios and conditions but not taking vehicle dynamics into account.
In literature there appear to be limited studies on the battery performance of UAVs [2] . Ahmed et al. [6] present experimental results of a few basic UAV manoeuvring actions: hovering, flying vertically upward and flying vertically downward. More detailed studies on battery performance have been carried out in [2] . Tseng et al. [2] have conducted studies to determine the impact of movement (hovering, vertical movement and horizontal movement), payload and wind on the power consumption of a UAV.
However, both [2] and [6] cannot be considered complete energy models for UAVs. The authors of [2] overlook energy consumed for factors such as communication, take-off and speed, while Ahmed et al. [6] do not consider the effect of payload, speed and communication, in addition to some basic movements such as taking-off. Further, in both [2] and [6] sufficient quantitative experiments have not been performed to obtain sufficient empirical data to determine the impact of studied factors on energy consumption of UAVs. Thus, they do not contain enough information for energy predictions or comparisons.
To the best of our knowledge, our previous work presented in [7] is the first power consumption model on Intel Aero Ready to Fly Drone [8] . In this paper, we propose an enhanced energy consumption model, based on experiments performed on the same UAV model. The method we use for power calculations and energy predictions can be used on other UAV models for similar applications. The energy consumption model presented in this paper can be readily used for energy efficient UAV path planning and obstacle avoidance purposes.
The rest of this paper is structured as follows. Section II gives an overview of the empirical studies of UAV power and energy consumption. The measurement results of the studies and energy consumption model are presented in Section III. Section IV presents a more comprehensive energy consumption model. Section V describes the evaluation of the accuracy of the proposed energy consumption model. Section VI concludes the paper.
II. OVERVIEW OF THE EMPIRICAL STUDY OF UAV POWER AND ENERGY CONSUMPTION
We conducted a series of studies focused on understanding the impact of several factors on power/energy consumption of UAVs. The factors taken into consideration are stated below. 1) On-ground power consumption 2) Impact of communication 3) Impact of distance on energy/power consumption for communication 4) Impact of taking-off 5) Impact of movement -hovering, horizontal movement, vertical movement 6) Impact of payload 7) Impact of speed 8) Impact of wind The different UAV operating modes used in the studies are shown in Table 1 . All experiments were performed on Intel Aero Ready to Fly Drone [8] with new Dualsky 4000 mAh 4S 25c, ECO-S LiPo batteries [9] , in obstacle free outdoor environments, where wind was minimal (except for the experiments conducted to understand the impact of wind on UAV power/energy consumption). The specifications of the UAV and the batteries used are listed in Table 2 and 3. A QGroundControl software [10] installed laptop, was used as the ground station to control the UAV.
A. CUSTOM, HIGH ACCURACY, LIGHTWEIGHT DIGITAL MULTIMETER
To calculate the power and energy consumption, it was necessary to log instantaneous voltage and current draw of the UAV. Due to the limited payload capacity of the UAV, most of the commercially available data loggers were too heavy for the UAV to carry onboard (Maximum gross weight of Intel Aero Ready to Fly Drone is 1900 g [8] ). UAV manoeuvring actions are swift, thus, for increased accuracy it was necessary for the data logger to have a high sampling and logging frequency. Most of the commercially available loggers do not support this preferred accuracy.
Thus, for collecting and recording current and voltage data, we developed a custom digital multimeter and data logger (Figure 1) , with a logging interval of 20 ms. The circuit diagram of the developed multimeter is shown in Figure 2 . The set up of the system of circuit and UAV is shown in Figure 3 . Based on the specifications of the integrated circuits (IC) used, the current that flows through the UAV I in , can be calculated by (1) , where V out1 is output voltage, R1, R2 and R3 are resistors used as shown in the circuit diagram in Figure 2 .
A voltage divider is used to measure the voltage applied to the UAV. The voltage through the UAV can be calculated using (2) . V in is the voltage through the UAV, V out2 is output voltage of the voltage divider, R4, R5 are resistors as shown in Figure 2 . The circuit was evaluated by comparing the power calculations in Idle and Armed modes of the UAV, using the voltage and current readings of a standard multimeter and readings of the custom-made digital multimeter. The results are shown in Figure 4 . Based on the results, the errors of the power calculations based on the custom-made digital multimeter, in comparison to the readings of a standard multimeter are within 5%.
III. MEASUREMENT RESULTS AND ENERGY CONSUMPTION MODEL
Based on the studies carried out, it was noted that the UAV battery was always able to cater to the instantaneous power demand of the UAV. Accordingly, the limiting factor in a UAV mission would be the amount of energy the battery can provide. Thus, to make the model more general and applicable to a wide variety of scenarios we present the energy consumption of the UAV for various manoeuvring activities, along with the instantaneous power requirements.
The total energy consumption for a certain flight scenario can be calculated by the integral of power over the period of flying. This is shown in (3) , where E is the energy consumption in joules. P is the instantaneous power consumption in watts. t is the time interval of flight scenario in seconds.
In special scenarios where instantaneous power consumption is stable over time, the energy consumption for 1 s, is equal to the instantaneous power consumption. This is further shown by (4). The symbols E, P and t have the same meanings as above.
A
. ON-GROUND POWER CONSUMPTION
Two basic experiments were conducted, to understand the power consumption of the UAV when it is on ground. The power consumption statistics related to this section are shown in Table 4 . 
1) IDLE MODE
The UAV was powered on and kept on ground without the propellers rotating and with no connection with the ground station (communication modules disabled). Internal processing, on-board fan, attached multimeter and data logging circuit and LED indicators would basically consume power in this scenario. The instantiations power consumption was calculated and is shown by the blue line in Figure 5 . The power consumption in the Idle mode is reasonably stable over time as observed in Figure 5 .
The above study was conducted multiple times, and the energy consumption over time was calculated using (3). The best fit line shown by the green line in Figure 6 was obtained considering the average energy consumption of all studies. A perfect line that goes through the origin was not obtained due to the slight fluctuations in power consumption and errors in measurements. This is true to all relevant scenarios throughout the paper.
The energy consumption in Idle mode increases linearly with time. The Idle mode energy consumption shown in Figure 6 is given by (5), where E is the energy in joules and t is the time in seconds. Symbols E and t have the same meaning throughout the paper.
2) ARMED MODE
The UAV was powered on and kept on ground with the propellers rotating. In this scenario, the UAV would need power to rotate the four motors, in addition to the power requirements mentioned in the previous subsection. The power consumption in Armed mode is shown by the red line in Figure 5 . The initial spike in power consumption is due to the high draw of current when starting the rotation of four motors.
The energy consumption for Armed mode, once stabilized (calculated using the average of data obtained through multiple studies) is shown by the red line in Figure 6 . The linear increase in energy consumption over time in this scenario is given by (6) .
The power and energy consumption in Armed mode is considerably higher than that of Idle mode. The high power consumption in the motors for rotating propellers causes increased power consumption in Armed mode. Thus, designing energy efficient motors and propellers for UAVs would be advantageous energy-wise.
B. IMPACT OF COMMUNICATION
The studies in this section were performed in the 'Idle mode' mentioned in Section A Subsection 1. The power measurements for this section (shown in Table 4 ) are equal to the total power consumption of the UAV in the given scenarios, which is the sum of the power consumption discussed in Section A Subsection 1 and power consumption for communication that is stated below.
1) WI-FI COMMUNICATION
In indoor UAV missions, Wi-Fi is mostly the key mode of communication between the UAV and ground station. Thus, it is important to quantify the power consumption for Wi-Fi communication.
The UAV was made to maintain Wi-Fi with the ground station. In this study, the 'node mode' was used on the UAV and the ground station was used as an Access Point (AP). The UAV would share its calibration information, status information (armed, disarmed, landed etc.), battery information and basic set up parameters including take-off altitude, speed etc. with the ground station using Wi-Fi.
The total power consumption of the UAV while maintaining Wi-Fi with the ground station does not have a significant difference with that of when not communicating with the ground station (based on the results given in Table 4 ). 
2) GLOBAL POSITIONING SYSTEM (GPS) COMMUNICATION
The same study as above was carried out with the GPS module of the UAV enabled, and with the UAV having a 3D GPS lock with 20 satellites. With the experimental results for this scenario, shown in Table 4 , it can be noted that power consumption for GPS communication is negligible.
C. IMPACT OF DISTANCE ON ENERGY/POWER CONSUMPTION FOR COMMUNICATION
While maintaining a clear line of sight between the UAV and ground station at all times, the distance between ground station and UAV was gradually increased (up to 50 m) to quantify the impact of distance on communication. The instantaneous power at each point was calculated for a period of 20 minutes, and the average power consumption at each point was considered in plotting the graph in Figure 7 . The blue line represents the total power consumption with WiFi communication and the red line represents the total power consumption with both Wi-Fi and GPS. A stable power consumption can be observed over the distance considered.
Based on the above studies, it can be noted that in comparison to the Idle mode power consumption in Section A Subsection 1, the power consumption for both Wi-Fi and GPS communication is negligible. Thus, in flight scenarios where the UAV is no further than 50 m away from the ground station, the power consumption for communication can be ignored, so is the energy consumption.
D. IMPACT OF TAKING-OFF
When the UAV takes off, there is a sudden spike in power consumption when it starts to overcome inertia and move against gravitational force, as marked in Figure 9 .
Several studies with different take-off speeds were conducted to determine the relationship between the spike in power consumption and take-off speed. The results are plotted in Figure 8 , in the green line with respect to left-hand side y-axis. As observed in Figure 8 the power consumption for taking-off increases with the take-off speed.
The experiments showed that the sudden spike of power consumption in take-off lasts approximately 40 ms. Based on the time approximations and power consumption, the energy required for taking-off was calculated and is shown by the blue line with respect to the right-hand side y-axis, in Figure 8 . The relationship between the take-off energy consumption and speed is given by (7), where E is the energy requirement in joules and V is the take-off speed in m/s.
E. IMPACT OF MOVEMENT
The power measurements shown in this section are the total power consumed by the UAV in performing the stated actions. This includes power for basic arming mentioned in Section A Subsection 2, the power for communication mentioned in Section B and the power for movements discussed in this section.
1) HOVERING
The UAV was made to take-off and hover at different altitudes to understand the behaviour of power consumption when hovering and the impact of altitude on it. Figure 9 shows voltage, draw of current and power consumption pattern for a full cycle of taking-off, hovering and landing. The reasonably stable power consumptions in Idle mode, Armed mode and hovering and the sudden spikes in power consumption due to the motors starting to rotate the propellers and when taking-off can be seen.
The battery voltage drop due to the very high current draw of the UAV when it is above ground, can be observed in the voltage plot.
The average power consumption for 1 s remains reasonably stable over the time period of hovering. When a UAV hovers, it remains static and the forces acting on the UAV are ideally balanced. In perfect environmental conditions, the forces acting on a UAV remain stable over time. Thus, the forces generated by rotating the propellers of the UAV remain stable over time, resulting in stable power consumption over the period of hovering. Figure 10 shows the instantaneous power measurements and average power consumption for hovering in different relative altitudes, along with the best fit line based on the average power consumption at each relative altitude. VOLUME 6, 2018 FIGURE 9. Voltage, current and power consumption of the uav for taking-off, hovering and landing. Based on (4), the energy consumption trend for hovering at different altitudes for 1 s takes the same form as the best fit line in Figure 10 .
The relationship between the relative altitude and energy consumption for hovering for 1 s is given by (8) , where E 1 is the energy requirement for hovering for 1 s in joules and H is the relative hovering altitude in meters.
Based on (8), the energy requirement E for hovering at a relative altitude of H for t seconds is given by (9) .
The power requirement to hover a UAV in air can be theoretically calculated using basic physics, as shown below.
The kinetic energy the UAV produces by moving air using one propeller E is given by (10) , where m air is the mass of air being moved and v is the speed of propellers.
Since the UAV has four rotating propellers, the total kinetic energy produced, E total , is given by (11) .
If r is the radius of a propeller,
where ρ is the density of air in the given height and temperature.
Since (13) , where E is energy, P is power and t is time,
from (11) and (12),
The relationship between power P, speed v and force F is given by (15)
For hovering, since UAV is stationary, the forces should balance. Therefore,
where m is the mass of the UAV and g is gravitational force. Substituting (15) and (16) in (14).
58388 VOLUME 6, 2018 According to [11] and [12] , the gravitational force and density of air do not change within the considered altitude. Thus, theoretically (as shown in (17)) for fixed mass, the power consumption, and therefore energy consumption for hovering should remain constant over altitude. However, in comparison to the theoretical power consumption given by (17), using the values given in Table 5 , the practical power consumption for hovering, calculated using (8) shows an increase in power consumption approximately by 1.5% with height, due to UVA efforts in retaining stability against the changing environmental conditions with the altitude.
2) HORIZONTAL MOVEMENT
The UAV was made to fly horizontally at a constant speed of 1 m/s, in a straight line at a relative altitude of 5 m. The instantaneous power consumption was calculated and plotted in Figure 11 .
As observed in Figure 11 , the average power consumption for 1 s remains reasonably stable over time, except for minor fluctuations due to slight vertical movements. Power consumption statistics for this scenario is given in Table 4 .
Since the UAV is flying at a constant speed, the forces acting on the UAV should balance. Hence, the force created by the UAV should have the same magnitude as the magnitude of the resultant force acting on the UAV. In perfect environmental conditions, the forces acting on the UAV would remain constant. Therefore, the force created by UAV by rotating the propellers should remain stable, resulting in stable power consumption over time when flying horizontally in constant speed.
When both hovering and flying horizontally at a constant speed, UAV power consumption is stable. However, the power consumed when flying horizontally is slightly higher than the power consumed when hovering at the same altitude. This is due to the difference of the magnitude of thrust generated by the UAV in the two scenarios. Figure 12 , shows the forces acting on the UAV when hovering and flying horizontally in constant speed. F is the thrust generated by the UAV when hovering. F 1 is the thrust generated by the UAV when flying horizontally in the direction shown in Figure 12 . The UAV tilts by an angle of φ and mg is the weight of the UAV.
When hovering,
When flying horizontally in constant speed
From (18) and (19),
According to (20), the thrust UAV needs to generate when flying horizontally is higher than that when hovering. As the power consumption increases with the thrust, UAV consumes more power when flying horizontally.
The energy consumption for flying horizontally at constant speed is given by Figure 13 . Several studies were conducted and the average energy consumption in each study was considered when plotting the graph.
The energy consumption increases linearly with time as seen in Figure 13 and the increase is represented by (21).
(21) VOLUME 6, 2018 
3) VERTICAL MOVEMENT
The UAV was made to take-off and fly vertically upward to reach different relative altitudes. All the studies were performed with a take-off velocity of 1 m/s. The instantaneous power consumption was calculated every 20 ms and plotted in Figure 14 . As observed in Figure 14 , at the beginning of the flight, power consumption increases steadily with time, and remains reasonably stable until the UAV reaches required relative altitude. Random increases in power consumption can be seen as the altitude increases, due to UAV reactions to the changing environmental conditions while trying to maintain stability.
The energy consumption of the UAV when reaching different altitudes, was calculated and is shown in Figure 15 , along with the best fitting relationship between the energy consumption and vertical distance travelled, which is given by (22), where D is the vertical distance travelled upward in meters.
The UAV was stationed at different altitudes and made to fly vertically downward to determine the impact of flying vertically downward on the power and energy consumption of the UAV. The instantaneous power for each altitude scenario is shown in Figure 16 The energy required to fly downward is considerably less than the energy required to fly upward. When flying upward, the UAV has to work against the gravitational force. On the other hand, when flying downward, the gravitational force acts towards the direction of movement and the UAV has to perform comparatively less work to maintain stable and safe velocity. 58390 VOLUME 6, 2018 FIGURE 18. Impact of payload on UAV power consumption.
F. IMPACT OF PAYLOAD
The UAV was mounted with different payloads and made to hover at a relative altitude of 5 m. The UAV was able to handle an external weight only up to 175 g and steadily reach the required altitude. When mounted with 200 g, the UAV became unstable.
The power consumption for hovering with payloads is shown in Figure 18 . A clear relationship between power consumption and payload can be observed. As the payload of the UAV increases, the power consumption of the UAV increases accordingly.
Based on (4), the energy consumption trend for hovering with different payloads for 1 s takes the same form as the best fit line shown in Figure 18 .
The relationship between the payload and energy consumption for hovering for 1 s is given by (24), where E is the energy requirement for hovering for 1 s in joules and L is the payload is grams.
Based on the results of the studies carried out to understand the energy consumption of hovering, we can eliminate the energy consumption for hovering at a relative altitude of 5 m and isolate the impact of payload. Hence, based on (8) and (24), the isolated impact of payload is given by (25). It is important to have an understanding of the impact of environmental factors on the power/energy consumption of UAVs. However, controlling factors such as humidity, thermal effects and wind to understand their effect on UAV power/energy consumption, is deemed impossible in the outdoor environment the experiments were carried out. For this reason, in this paper, the effects of humidity and thermal factors are not considered. Two experiments were carried out to understand the impact of wind on UAV power/energy consumption. However, due to practical difficulties, different wind speeds were not considered and the below experiments were carried out on the same day, at the same location under same wind conditions, where the speed of wind was 15 km/h.
1) FLYING INTO HEADWIND
The UAV was made to take-off, hover at a relative altitude of 3 m and fly against the direction of the wind (headwind) at 1 m/s. The power consumption for flying headwind is shown by the blue line in Figure 21 . VOLUME 6, 2018 FIGURE 21. Impact of wind on power consumption of the UAV.
2) FLYING INTO TAILWIND
The UAV was made to take-off, hover at a relative altitude of 3 m and fly in the direction of the wind (tailwind) at 1 m/s. The power consumption for flying tailwind is shown by the red line in Figure 21 .
The power consumption when flying into headwind is considerably lesser than when flying into tailwind, as seen in Figure 21 . When the UAV flies into headwind, the translational lift increases due to the increase in relative airflow over the propellers [2] , [13] , resulting in low power requirement when flying into headwind.
IV. COMPREHENSIVE ENERGY CONSUMPTION MODEL FOR UAVS
The impact of considered factors on energy consumption of the UAV discussed in the previous section is summarized in Table 6 .
Based on the equations (5)- (9) and (21)-(27) the total energy consumption of a UAV mission carried out in a windfree environment can be calculated using (28), as shown at the bottom of this page.
The meanings of the symbols used in (28) are shown in Table 7 , along with the conditions for validity.
V. EVALUATION OF THE PROPOSED ENERGY CONSUMPTION MODEL
In order to assess the accuracy of the proposed energy consumption model, a UAV mission was planned and executed. The power consumption throughout the mission was recorded and the energy consumption was calculated using measured data. The total energy consumption for the planned mission was estimated using the proposed energy consumption model, by (28). The measured energy consumption and estimated energy consumption were compared.
A. UAV MISSION
UAV was kept on ground in the Armed mode for 5 s and was made to take-off at a speed of 1 m/s. The UAV was made to fly vertically upward for 5 m and hover for 10 s. Finally, the UAV was made to fly horizontally at a constant speed of 1 m/s for 10 s and made to land on ground.
The measured power consumption for this mission is shown in Figure 22 .
Based on the area under the graph in Figure 22 , the energy consumption of the UAV for the entire mission is 8.22 kJ. 
B. ESTIMATED ENERGY CONSUMPTION
The energy consumption for the above planned mission was estimated using (28), with the parameters listed in Table 8 . The estimated energy consumption using the proposed model is 7.87 kJ. Based on this experiment the error of the estimated energy consumption using the proposed model is 4.3% Based on the above results, it can be seen that the proposed energy model is accurate enough for widely used UAV mission planning.
VI. CONCLUSION AND FUTURE WORK
A comprehensive energy consumption model for UAVs, is highly necessary for energy efficient mission planning. Identifying the factors that affect the energy consumption of a UAV and manipulating them to achieve energy efficiency is important.
In this paper, we have presented a complete energy consumption model for UAVs based on empirical studies of battery performance. We quantify the impact of on-ground power consumption, impact of communication, hovering, vertical and horizontal movements, speed, payload and wind on a UAV's energy consumption. The proposed model can be efficiently used for prediction of energy requirements and energy efficient UAV mission planning.
Employing UAVs for 5G communications, UAV mounted base stations to provide coverage for example, would require extensive knowledge of energy consumption patterns. The model presented in this paper can be readily used for deriving the optimal height, speed and the favourable payload in such instances. UAV aided data collection in wireless sensor networks is currently being thoroughly researched. The model proposed in this paper can be used to design the optimal paths for the UAVs to minimize the energy spent on flying while covering the entire sensor network. In addition, the model presented can be used to minimise the energy consumption in UAV aided delivery, coverage and surveying scenarios.
We intend to use the energy model presented in this paper, in our work related to energy efficient inter-UAV collision avoidance, and UAV aided coverage. In addition, it would be advantageous to study the similarities and differences of the behaviour of power/energy consumption in different UAV models. 
